The GRAS gene family is one of the most important families of transcriptional regulators. In this study, 48 GRAS genes are identified from Chinese cabbage, and they are classified into eight groups according to the classification of Arabidopsis. The characterization, classification, gene structure and phylogenetic construction of GRAS proteins are performed. Distribution mapping shows that GRAS proteins are nonrandomly localized in 10 chromosomes. Fifty-five orthologous gene pairs are shared by Chinese cabbage and Arabidopsis, and interaction networks of these orthologous genes are constructed. The expansion of GRAS genes in Chinese cabbage results from genome triplication. Among the 17 species examined, 14 higher plants carry the GRAS genes, whereas two lower plants and one fungi species do not. Furthermore, the expression patterns of GRAS genes exhibit differences in three tissues based on RNA-seq data. Taken together, this comprehensive analysis will provide rich resources for studying GRAS protein functions in Chinese cabbage.
genome of Arabidopsis and rice, respectively [3, 6] . As more species have their complete genome sequenced, more GRAS proteins can be identified among them. Furthermore, the genome-wide comparisons of GRAS family members may also be performed among several important species for evolutionary analysis.
The crops of the genus Brassica are widely used in vegetables, oilseed, condiments, and fodder. Its yields in China currently account for more than half of the total yields in the world, and 61% of the yields in Asia (http://faostat.fao.org). Brassica vegetables mainly include Brassica rapa and Brassica oleracea. B. rapa contains several subspecies, such as Chinese cabbage (B. rapa ssp. pekinensis), nonheading Chinese cabbage (B. rapa ssp. chinensis), and rapifera (B. rapa ssp. turnip). Chinese cabbage is one of the most important vegetables in China and is now cultivated extensively in Korea, Japan, Southeast Asia, the USA, and Europe. Given its significant economic value and close relationship to Arabidopsis, the Chinese cabbage (Chiifu-401-42) genome was recently sequenced and assembled [21] . However, no report has been made on the GRAS proteins of Chinese cabbage despite the important role of these proteins in plant growth regulation. Thus, the investigation of the GRAS genes in the whole genome of Chinese cabbage is timely. In this study, we systematically and comprehensively describe the GRAS transcription factors in Chinese cabbage through comparative genomic analysis. The aims of this study were as follows: (1) to identify and map the GRAS transcription factors onto the 10 Chinese cabbage chromosomes; (2) to analyze GRAS transcription factor relationships among plants through comparative genomics; (3) to construct GRAS transcription factor interaction networks using the orthologous and paralogous GRAS proteins identified in Chinese cabbage, Arabidopsis, and rice; and (4) to analyze the GRAS transcription factor expression in three different tissues using RNA-seq data. This study provides useful information for future studies on the structure and function of GRAS proteins in the regulation of Chinese cabbage growth, as well as a way for identifying and characterizing GRAS transcription factors in other relative species. The results of this study may also facilitate our understanding of the effect of polyploidy in the evolution and function of the GRAS gene family in plants.
Results

Identification of GRAS proteins in Chinese cabbage and comparative analyses
We identified 48 distinct GRAS transcription factors in the whole Chinese cabbage genome (Table 1) . For the comparative genomic analysis, we searched for GRAS protein sequences in the representative genomes of 17 species (Fig. 1 ), from which 837 GRAS proteins were identified. These proteins represent the major evolutionary lineages of the Chinese cabbage species and were used for the analysis of GRAS transcription factor expression. Among the 17 species analyzed, only the 14 higher plants expressed the GRAS proteins, whereas the two lower plants (Chlamydomonas reinhardtii and Chlamydomonas merolae) and one fungi (Saccharomyces cerevisiae) were negative for GRAS expression. This phenomenon demonstrates that the GRAS proteins may have expanded after the divergence of the higher plant from the lower plant species, and that these proteins may have important roles in the evolution of the higher plants. The previous analysis showed that the GRAS family belongs to the Rossmann fold methyltransferase superfamily that first emerged in bacteria [22] . However, in plants, most GRAS proteins are likely to lack methyltransferase activity, and this is different from bacterial. Nevertheless, the plant GRAS proteins still bind a similar substrate as the bacterial. Most GRAS proteins are involved in regulating the gibberellic acid (GA) response. GAs are the key hormones that regulate plant development, including seed germination, root cell division, stem elongation, and leaf and flower development [22] . The number of GRAS transcription factors in Chinese cabbage (48) exceeded that in Arabidopsis thaliana (33), Cucumis sativus (37) , Carica papaya (42), Theobroma cacao (46), Vitis vinifera, and Physcomitrella patens (43), whereas it was fewer than that in Malus x domestica (127), Populus trichocarpa (102), Medicago truncatula (75), Musa acuminata (73), Oryza sativa (60), Solanum lycopersicum, and Selaginella moellendorffii (54). The density of the GRAS proteins relative to the whole Chinese cabbage genome (0.170) was less than that in C. papaya (0.311), M. truncatula (0.291), S. moellendorffii (0.254), A. thaliana (0.244), P. trichocarpa (0.241), M. acuminata (0.220), and C. sativus (0.182), whereas it was greater than that in the other species examined. Although the number of GRAS proteins in M. x domestica, O. sativa, and S. lycopersicum was more than that in the Chinese cabbage, the GRAS protein density in these species (M. x domestica, 0.144; O. sativa, 0.161; S. lycopersicum, 0.071) was less than that in the Chinese cabbage, which was due to the large genome size of the former. These analyses showed that the number and density of the GRAS proteins were related with the genome size and duplication event of species. In addition, we speculate that several important GRAS proteins were retained in the genome duplication process to adapt complex environment.
Phylogenetic analysis of GRAS transcription factor family
The evolutionary relationship between Chinese cabbage and Arabidopsis was assessed with respect to the GRAS transcription factors and was visualized with an NJ phylogenetic tree ( Fig. 2 ). Eight groups were obtained according to the clade support values, topology of the tree, and classification of Arabidopsis. Among the GRAS proteins in Chinese cabbage and Arabidopsis, three were clustered in group VI and four were classified under group V, whereas groups I and II comprised more proteins than all the other groups. Most of the obtained groups were consistent with previous phylogenetic analyses of GRAS in Arabidopsis [3] .
Group I (PAT1 subfamily) included 12 members from the Chinese cabbage, whereas six proteins were from Arabidopsis. Within this group, PAT1 (AthGRAS-029) and SCL13 (AthGRAS-024) of Arabidopsis were previously shown to participate in the signal transduction of phytochrome A and B signals, respectively [16, 17] . Three GRAS proteins (BraGRAS-023, BraGRAS-044, and BraGRAS-046) and two GRAS proteins (BraGRAS-024 and BraGRAS-029) in Chinese cabbage had high sequence similarity with AthGRAS-029 and AthGRAS-024, respectively. We deduce that the similar GRAS proteins in Chinese cabbage also play important roles in the phytochrome signal transduction pathways. Group II consisted of 10 and 6 GRAS proteins in Chinese cabbage and Arabidopsis, respectively. The biological roles of the Arabidopsis GRAS proteins in this group are largely unknown. Five GRAS proteins in Chinese cabbage belonged to group III. The protein functions of this group may be related to root development, given that the SHR protein (BraGRAS-024) from this group affects root radial patterning and growth [23, 24] . Group IV contained seven Chinese cabbage proteins, all of which were DELLA proteins. Reports on Arabidopsis indicate that most of these proteins are negative regulators of GA signaling, such as RGL1 (AthGRAS-009), RGL2 (AthGRAS-015), RGL3 (AthGRAS-027), GAI (AthGRAS-003), and RGA (AthGRAS-010) [4, 11, 12, 25, 26] . Group V contained two GRAS proteins from Chinese cabbage and two GRAS proteins from Arabidopsis, including the SCR protein (AthGRAS-020) of Arabidopsis. SCR is located downstream of SHR, and both genes are required for the stem cell maintenance of the Arabidopsis root meristem to ensure the indeterminate growth of this plant tissue [24] . Groups VI and VII only included two (BraGRAS-030 and BraGRAS-032) and three (BraGRAS-004, BraGRAS-010, and BraGRAS-047) Chinese cabbage proteins, respectively. Group VIII comprised seven members from Chinese cabbage and four members from Arabidopsis.
Previous studies reported that three protein members in Arabidopsis were miRNA171 targets [19] . We identified four miRNA171 target genes in Chinese cabbage (Bra022596, Bra000375, Bra028100, and Bra037319), which were located on chromosomes 2, 3, and 9. Both of the Bra028100 and Bra037319 target genes were located on chromosome 9. The corresponding transcription factors of these genes were BraGRAS-025, BraGRAS-002, BraGRAS-033, and BraGRAS-045, respectively. In our analysis, miRNA171 was complementary to an internal region of these four GRAS transcription factors. However, there were no complementary sequences detected between miRNA171 and other GRAS genes.
Very few reports have been published on B. rapa GRAS proteins; to our knowledge, only the BrRGA1 and BrRGA2 proteins of Chinese cabbage have been studied [27] . These two proteins belong to the DELLA protein, and mutation in their C-terminal GRAS domains may lead to a GA-insensitive dwarf phenotype. BrRGA1 (BraGRAS-026, Bra024875) and BrRGA2 (BraGRAS-017, Bra017443) showed 80.27% and 79.64% amino acid identities with the RGA proteins of Arabidopsis (AthGRAS-010, AT2G01570), respectively. Proteins with high sequence similarities generally have similar functions across different species; thus, the construction of a GRAS protein phylogenetic tree among different species assists in the determination of the function of BraGRAS proteins. Although the function of most Chinese cabbage GRAS genes is unknown, the phylogenetic analysis provided in this study provides a solid foundation for future functional studies.
Characterization of GRAS proteins and conserved motif identification in Chinese cabbage
The physical and chemical characteristics of all 48 GRAS proteins of Chinese cabbage were analyzed (Table S1 ). The theoretical pI, sometimes named as isoelectric point, is the pH at which a particular molecule or surface carries no net electrical charge. The values of it in most proteins were less than 7, and the average theoretical pI value for all proteins was 6. Most proteins contained rich acidic amino acids, and only seven proteins had theoretical pI higher than 7. The instability index of a protein is important in determining its structure and stability. The average instability index of all the proteins was 48.10, which means that most GRAS transcription factors belonged to unstable proteins. Only three proteins, BraGRAS-046, BraGRAS-048, and BraGRAS-004, were determined to be stable, with instability indices of less than 40; specifically, 39.3, 37.23, and 28.43, respectively. Most of the GRAS proteins contained numerous aliphatic amino acids, and the aliphatic index reached an average of 82.58. The hydropathicity values of all the GRAS proteins except BraGRAS-018 (0.164) were less than zero, Bra028312  A01  18688484  18689848  74  454  AthGRAS-030  SCL8  AT5G52510  81.13  0  BraGRAS-011  Bra012280  A07  8850543  8852192  177  549  AthGRAS-004  SCL1  AT1G21450  73.29  0  BraGRAS-020  Bra017915  A06  8814885  8816111  36  408  AthGRAS-004  SCL1  AT1G21450  88.25  0  BraGRAS-024  Bra021063  A08  10117287  10118879  153  523  AthGRAS-024  SCL13  AT4G17230  86.63  0  BraGRAS-029  Bra026237  A01  10479059  10480666  158  528  AthGRAS- suggesting that the GRAS proteins were hydrophilic. Although the physical and chemical characterizations of the amino acids were similar among most of the GRAS transcription factors, some differences were observed in molecular weight, theoretical pI, aliphatic index, instability index, and hydropathicity, which may have been due to the amino acid differences in the nonconserved regions. Secondary structure prediction demonstrated that all the GRAS amino acid sequences were dominated by alpha helices and random coils, followed by extended strands and beta turns. The average incidence of these secondary structures in Chinese cabbage was 46.51%, 36.17%, 11.51%, and 5.81%, respectively (Table S2) . To analyze the sequence features of Chinese cabbage GRAS proteins, we performed a multiple sequence alignment of 48 Chinese cabbage GRAS domain sequences ( Fig. S1 ). Several conserved motifs in the GRAS domains were observed, including VHIID, PFYRE, and SAW, and two LHR motifs. The conserved motifs for each GRAS protein group were also identified by MEME ( Fig. 3 ). We found that most GRAS proteins in the same group had similar motifs, and the LOGO of these protein motifs were obtained by MEME ( Fig. S2 ). Members of the same group mostly had similar intron/exon structure. For instance, members of groups III and VI had only one exon, and the lengths of which were very similar ( Fig. S3 ). This finding further supports the close evolutionary relationship of proteins of the same group. Interestingly, 40 (83.3%) of all the GRAS proteins had only one exon and did not have an intron, which was different from the other transcription factors [28] [29] [30] . Four GRAS proteins had one intron and two exons, whereas the BraGRAS-046 and BraGRAS-008 proteins had five and eight introns, respectively.
Identification of orthologous and paralogous GRAS genes in plants
Comparative genomic analysis confirmed that the Chinese cabbage underwent genome triplication since its divergence from Arabidopsis [21] . As such, many collinear blocks were observed between the Chinese cabbage and Arabidopsis genomes. Interestingly, the gene number in the Chinese cabbage genome was notably less than three times that of the Arabidopsis, indicating the occurrence of gene loss during polyploid speciation. Comparative analysis was applied to identify the orthologous GRAS transcription factors for the assessment of GRAS gene triplication in Chinese cabbage from Arabidopsis. We identified 55 orthologous gene pairs by OrthoMCL among all the GRAS proteins of Chinese cabbage and Arabidopsis. On the other hand, only 14 GRAS orthologous gene pairs were found between Chinese cabbage and rice and 18 orthologous gene pairs between Arabidopsis and rice (Table S3 ). Among the orthologous gene pairs of Chinese cabbage and Arabidopsis, we found that each Arabidopsis GRAS gene had one to six Chinese cabbage orthologous genes, demonstrating that a few GRAS transcription factors in Chinese cabbage underwent duplication accompanied by genome triplication. The number of GRAS orthologous genes between Chinese cabbage and Arabidopsis was far greater than that between Chinese cabbage and rice, which was consistent with the close relationship of Chinese cabbage and Arabidopsis. Additionally, 21, 7, and 22 paralogous GRAS gene pairs were identified in Chinese cabbage, Arabidopsis, and rice, respectively (Table S4 ). The relationships of the orthologous and paralogous GRAS genes among the three species were all determined using the Circos program ( Figs. 4A-B) .
Among all the plants examined, the number of orthologous gene pairs was greatest between M. x domestica and P. trichocarpa (186), followed by M. x domestica and T. cacao (119), then P. trichocarpa and T. cacao (112) ( Table S5 ). P. patens and V. vinifera had the fewest orthologous gene pairs (8) . We calculated the ratio of the orthologous gene pairs and the total number of GRAS genes of every two species to better compare the differences of orthologous gene pairs among the species. The results showed a relatively high ratio between M. x domestica and P. trichocarpa (0.812), followed by P. trichocarpa and T. cacao (0.757), then M. x domestica and T. cacao (0.688), suggesting that the two types of comparison methods produce almost the same outcome and further illustrating the correctness of the obtained statistics. We also analyzed the paralogous genes to understand the difference in gene duplication events in each species. More paralogous gene pairs were observed in M. x domestica (155) and S. moellendorffii (115) than in the other plants used. Only one and three paralogous gene pairs were found in V. vinifera and C. sativus, respectively, which may have been because the genomes of these two species did not undergo duplication unlike the other dicotyledonous plants.
To obtain further insight regarding the relationship of the GRAS genes in Chinese cabbage, an interaction network of GRAS genes was constructed using the transcription factors orthologous to Arabidopsis (Fig. 5 ). The Pearson correlation coefficients of 115 gene pairs were greater than zero, whereas that of 36 gene pairs were less than zero (Table S6 ). The interaction network showed that the number of proteins regulated by each GRAS was significantly different. For example, the number of proteins interacted with BraGRAS-017 and BraGRAS-026 was more than 20, and both of them belonged to the RAG proteins. In addition, the Bra004166 and Bra025181 interacted with more GRAS genes than other proteins. The functional annotation showed that they were phosphorylase kinase and G-protein coupled receptor, respectively. 
Chromosome distribution of the GRAS transcription factor family
All 48 GRAS transcription factors were mapped on the 10 chromosomes of Chinese cabbage with a clear nonrandom distribution ( Fig. 6 ). Most of the GRAS transcription factors were found on chromosomes 9 (n = 10, 20.83%) and 6 (n = 7, 14.58%). By contrast, chromosome 5 contained only one (2.08%) GRAS transcription factor, which had an Accession No. Bra027378 (BraGRAS-031) in the Chinese cabbage databank. We did not map any GRAS transcription factor at the short arms of chromosome 7 and at the long arms of chromosome 5, whereas several GRAS transcription factors were gathered at the end of the long arm of chromosome 6 and at the short arm of chromosome 9. Six GRAS transcription factors (BraGRAS-041, BraGRAS-023, BraGRAS-018, BraGRAS-046, BraGRAS-015, and BraGRAS-024) on chromosomes 1, 2, 3, 6, 7, and 8, respectively, were positioned around the centromere. Three GRAS transcription factors (BraGRAS-035, BraGRAS-036, and BraGRAS-047) were also located near the telomeric regions of chromosomes 2 and 6.
Duplication events in most plant species have been previously studied. Among the GRAS transcription factors, we identified 14 duplicate genes in the Chinese cabbage genome exhibiting relatively high sequence similarities (amino acid identity N 85%) ( Fig. 6) ; these genes may have been produced by cabbage genome triplication. Six of these duplicated genes were divided into two groups (BraGRAS-007/009/019 and BraGRAS-023/044/046), and each group had three GRAS genes with high sequence similarity. The other eight duplicated genes were divided into four groups (BraGRAS-013/021, BraGRAS-011/020, BraGRAS-022/ 028, and BraGRAS-024/029), each of which contained only two duplicated genes, which may have been due to the gene loss that accompanied genome triploidization in Chinese cabbage. Five of these duplicated genes were distributed on chromosome 6. No duplicated GRAS genes were observed on chromosomes 4, 5, and 10. Chromosome 2 had four duplicated genes, which was more than that in the other nine chromosomes.
GRAS transcription factor expression analysis in different tissues of Chinese cabbage
GRAS transcription factors have important roles in plant growth
involving the metabolic and biosynthesis pathways. In this study, we analyzed different expression levels of GRAS proteins in three tissues using Illumina RNA-seq data. The mRNA of these transcriptomic data extracted from three tissues (root, stem and leaf) of Chiifu-401-42 seedlings harvested at 5-leaved plants growing in greenhouse. Finally, this RNA-seq data totally contained the expression of 32,654 Chinese cabbage unique genes in three tissues, including 29,112, 29,766 and 30,177 genes in leaf, root and stem, respectively.
In the 48 Chinese cabbage GRAS genes, the transcript levels (RPKM values) of 46 genes were obtained from at least one tissue (Fig. 7) . While for the other 2 BraGRASs (BraGRAS-015 and BraGRAS-018) expressions were not detected in the RNA-seq libraries. It may be that they had no expression or had spatial and temporal expression patterns. The RPKM values of Chinese cabbage GRAS gene expression were shown in Table S7 . Among the 46 BrGRASs, 44 were expressed at relatively higher levels (RPKM N 1) at least one tissue, including 34, 37 and 42 BraGRASs in leaf, stem and root, respectively. Interestingly, the RPKM values of some BraGRASs were higher than 100, demonstrating that they may be important in Chinese cabbage development. For example, the BraGRAS-024 and BraGRAS-029 expressed in both leaf and stem. Both of them had the high sequence similarity with SCL13, which was not only a positive regulator of phytochrome-dependent red light signaling, but also a regulator of phytochrome A responses [17] . The BraGRAS-003 and BraGRAS-020 expressed in stem and root, respectively. The BraGRAS-022 expressed in both leaf and root. It was homologous with the AtSCL15, which was regulated by auxin, and also highly expressed in the root [34] . We found that these highly expressed genes were related with the plant growth and development. Several BraGRASs exhibited tissue-specific expression, such as the BraGRAS-016 expressed only in the stem; the BraGRAS-042 and BraGRAS-047 were not detected in the leaf; the BraGRAS-043 was expressed in the leaf and stem rather than root. Furthermore, the expression profile of 14 duplicated genes was also compared in the three tissues (Fig. S4) . The results showed that four gene pairs, including BraGRAS-021/013, BraGRAS-029/024, BraGRAS-044/046 and Bra-GRAS-007/009 had similar expression trend. While the expression patterns of other duplicated genes had diverged slightly. These results indicate that various BraGRASs may be involved in the diversification of the morphological features. 
Discussion
Chinese cabbage is a member of the Brassica genus, and is one of most important vegetables cultivated worldwide. Arabidopsis, a dicotyledonous species, is the first taxon to have its whole genome sequenced and released. A number of species have had sequenced genomes since, including the dicot species potato and tomato and the monocot species rice. More metazoan genomes have also been sequenced. These genomic data provide us with rich resources for comparative genomic analysis. With the rapid development in bioinformatics analysis, the information stored in various genomes can also be explored to elucidate the mechanisms regulating the growth and development of a species. Comparative genomic analysis also reveals the genomic and genetic evolution in the process of natural selection in different species.
Recent research in functional and structural genomics in higher plant model species shows that GRAS transcription factors are involved in plant development, including GA signal transduction (DELLA) [12, 25] , phytochrome signal transduction (PAT1, SCL21, and SCL13) [15] [16] [17] , axillary shoot meristem formation (HAM and MOC1) [8, 9] , root radial pattering, cell maintenance and proliferation (SCR and SHR) [24, 31, 32] , and male gametogenesis (LlSCL) [33] . However, very few reports are made on the GRAS genes in Chinese cabbage. Thus, identification and annotation of the GRAS genes of Chinese cabbage are essential. In the present study, we identify all the GRAS transcription factors in the whole genome of Chinese cabbage and detect the transcription factor expression patterns in different tissues. Among the 48 identified GRAS proteins, 46 are detected by using the Illumina RNA-seq data. Especially, five members are expressed highly in some tissues, and the expression values of them (RPKM N 100) are far larger than other GRAS genes in Chinese cabbage.
A comparison of species homologs, including protein sequences and expression profiles, may aid in understanding the role of these transcription factors in Chinese cabbage. Generally, transcription regulators belonging to the same taxonomic group exhibit recent common evolutionary origins and specific conserved motifs related to molecular functions, making it an effective and practical method to predict unknown protein functions. Due to the close relationship between Chinese cabbage and Arabidopsis, highly homologous genes between the two species are identified and used to predict the functions in Chinese cabbage. From this information, we identify four GRAS genes that show high similarity (N90%) with corresponding genes in Arabidopsis. Following homologous gene annotations in Arabidopsis, we deduce the functional roles of these genes in Chinese cabbage. For example, the BraGRAS-028 (Bra026077) transcription factor exhibits high sequence similarity with the AthGRAS-006 (AT1G50600) gene, which encodes a scarecrow-like protein (SCL5) [34] . The identities of AthGRAS-020 (AT3G54220) and BraGRAS-006 (Bra007056) sequences are 98.73% similar. AT3G54220, also known as SCR, regulates the radial organization of the root, and is involved in asymmetric cell division and gravitropism [35] . Both BraGRAS-009 (Bra011777) and BraGRAS-019 (Bra017842) transcription factors have high sequence similarities to AthGRAS-026 (AT4G37650), which is mainly involved in radial organization of the root and shoot axial organs [36] .
Most plants have experienced one or more rounds of ancient polyploidy. For example, Arabidopsis has undergone two recent whole genome duplications (WGD: α and β) within the Brassicaceae lineage, as well as one whole genome triplication event (WGT: γ) that may have been shared by all core eudicots. B. rapa shares this complex evolutionary history with Arabidopsis, but with the addition of a WGT that was believed to have occurred between 13 and 17 million years ago. However, the event of gene loss occurred during polyploid speciation. Three sub-genomes, the least fractionated blocks (LF), the medium fractionated blocks (MF1) and the most fractionated blocks (MF2) were defined according to the proportions of genes retained in each of these subgenomes relative to Arabidopsis [21] . The LF, MF1 and MF2 subgenomes retained 70%, 46% and 36% of the genes found in Arabidopsis, respectively [21] . Extensive analyses of the complete genome sequence of rice reveal one ancient WGD event (σ) that occurred early in the monocot lineage. Two WGD events (ρ and σ) were inferred to have pre-dated the diversification of cereal grains and other grasses (Poaceae) [37, 38] . Compared with Arabidopsis, our analysis confirms that a gene duplication event occurred in the GRAS gene family of Chinese cabbage. This study also shows that the farther the genetic relationship is, the fewer the orthologous genes between the two species. For example, the number of orthologous genes between P. patens and each of the vascular plants examined is relatively few.
Our analysis may provide a new insight for comparing the relationship of different species.
In this study, we analyze the GRAS transcription factor family in Chinese cabbage and in 16 other species, including 13 higher plants, 2 
Materials and methods
Sequence retrieval
The genome sequences of B. rapa were downloaded from the Brassica database (BRAD, http://brassicadb.org/brad/) [39] . Information on previously reported GRAS proteins of A. thaliana was retrieved from the Arabidopsis Information Resource (http://www.arabidopsis.org/) [3, 6] . The genome sequences of O. sativa, S. lycopersicum, M. x domestica, C. reinhardtii, T. cacao, S. moellendorffii, V. vinifera, P. trichocarpa, M. truncatula, C. sativus, C. papaya, and P. patens were downloaded from Phytozome (http://www.phytozome.net/) [40] . Genomic data on M. acuminata (http://banana-genome.cirad.fr/), S. cerevisiae (http://www.yeastgenome.org/), and C. merolae (http://merolae.
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Stem Root -6.00 -4.00 -2.00 0.00 2.00 4.00 6.00 biol.s.u-tokyo.ac.jp/) were also collected for analyses. The Pfam database (http://pfam.sanger.ac.uk/) [41] was used to screen the above genomes and identify the GRAS proteins (E-value b 1 × 10 − 4 ).
Phylogenetic analysis and characterization of GRAS proteins
Phylogenetic and molecular evolutionary genetics analyses were conducted using MEGA 5 (http://www.megasoftware.net) [42] . The retrieved GRAS proteins were used to construct phylogenetic trees. The neighbor-joining (NJ) method was applied to construct different GRAS transcription factor trees using the pairwise deletion option. Tree reliability was assessed using 1000 bootstrap replicates. The numbers indicated for each clade represented the bootstrap support values expressed in percentages.
The identified GRAS domains were aligned using the ClustalX 2.0 program using the default settings [43] . The GRAS domains were aligned and the conserved sites were checked manually for their corresponding amino acid residues, which were shaded using DNAMAN software (http://www.lynnon.com/). The intron and exon structures of the GRAS proteins were obtained by Perl scripts. Multiple EM for motif elicitation (MEME, http://meme.sdsc.edu/meme/) was used to search for conserved motifs in the complete amino acid sequences of the GRAS proteins [44] .
The physical and chemical characteristics of the GRAS proteins were analyzed using the Protparam tool (http://web.expasy.org/protparam) [45] . Self-optimized prediction method (SOPMA, http://npsa-pbil.ibcp. fr/cgi-bin/secpred_sopma.pl) was used to predict the secondary structure of the GRAS proteins [46] .
Location of GRAS genes on chromosomes and identification of orthologous and paralogous genes
The position of each GRAS gene on the 10 Chinese cabbage chromosomes was determined from the Brassica database (BRAD, http:// brassicadb.org/brad/) and was marked on each chromosome using a Perl script. The entire protein sequences of GRAS were used to identify orthologous and paralogous genes in Chinese cabbage, Arabidopsis, and rice using OrthoMCL (http://www.orthomcl.org/cgi-bin/OrthoMclWeb. cgi) [47] . The relationships of orthologous and paralogous genes among the three species were determined using Circos software [48] . The interaction network with the Arabidopsis gene orthologous to the GRAS genes of the Chinese cabbage was constructed using the Arabidopsis interaction viewer and Cytoscape software [49] . The GRAS gene in the Chinese cabbage was searched for duplication events (E-value b 1 × 10 −10 , identity N 85%). The miRNA target genes were predicted using psRNATarget software (http://plantgrn.noble.org/ psRNATarget/).
GRAS transcription factor expression patterns in Chinese cabbage
To gain insight into the Chinese cabbage GRAS gene expression patterns, we utilized the Illumina RNA-seq data downloaded from BRAD (http://brassicadb.org/brad/) that were reported previously [50] . The RNA-seq transcriptomic data were generated using the Illumina HiSeq™ 2000 platform, and included the leaf, stem and root tissues of Chinese cabbage (Chiifu-401-42) at 5-leaved stage [50] . It was about 35 M reads for each RNA sample. The adapters or low quality reads (the number of 'N' bases exceeded 5%) were removed from the raw data. Then, reads were mapped to genes of Chiifu-401-42 allowing a maximum of two mismatches. Uniquely mapped reads that were located completely in exons were used in the expression level determination. Then the gene expression values were normalized by RPKM (reads per kilobase per million) measure [51] . The Chinese cabbage GRAS gene expression cluster from each tissue was analyzed using Cluster 3.0 software (http://bonsai.hgc.jp/~mdehoon/software/cluster/software.htm), and the RPKM values were log2 transformed. Finally, the heat maps of hierarchical clustering were visualized with Tree View (http:// jtreeview.sourceforge.net/). Supplementary data to this article can be found online at http://dx. doi.org/10.1016/j.ygeno.2013.12.004.
